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Pharma Inc., 21 Miyukigaoka, Tsukuba-shi, Ibaraki 305In injured livers where hepatocyte growth is severely limited, facultative hepatic stem/progenitor
cells, termed oval cells in rodents, are known to emerge and contribute to the regeneration process.
Here, we investigated a possible involvement of Wnt signaling during mouse oval cell response and
found signiﬁcant upregulation of severalWnt genes including Wnt7a,Wnt7b, andWnt10a. Accord-
ingly, increase of b-catenin protein was observed in oval cell compartments. Pharmacological acti-
vation of the canonical Wnt/b-catenin signaling induced proliferation of cultured hepatic stem/
progenitor cell lines. These results together implicate the role of Wnt/b-catenin signaling in adult
hepatic stem/progenitor cell response.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The liver possesses a unique and remarkable capacity to regen-
erate upon various injuries, such as those caused by partial hepa-
tectomy or toxic insults. The liver regeneration can usually be
achieved by proliferation of the differentiated postmitotic hepato-
cytes that remain intact, without necessitating an involvement of
stem/progenitor cell populations [1]. However, under the severe
and/or chronic liver damage conditions where hepatocyte prolifer-
ation is suppressed, the facultative stem/progenitor cells are
known to emerge and contribute to the regeneration process.
Those stem/progenitor cells, referred to as oval cells in rodents,
are characterized by their potentials to proliferate as well as to dif-
ferentiate into both hepatocytes and cholangiocytes, the two epi-
thelial lineages in the liver [2–5]. Despite of their functional
relevance in the liver pathophysiology being implicated, the nature
and the regulatory mechanisms of the adult hepatic stem/progen-
itor cells still remain largely unclear.
The Wnt family of secreted factors plays multiple critical roles
in regulation of various aspects of liver biology. The Wnt ligands
can activate multiple signaling pathways in their target cells,
among which the canonical pathway mediated by b-catenin ischemical Societies. Published by E
g Discovery Research, Astellas
-8585, Japan.the best characterized and also highly relevant in stem cell regula-
tion. In the canonical pathway, binding of Wnts to the receptor
Frizzled (Fzd) inhibits the kinase GSK3b that normally phosphory-
lates and primes destruction of the cytoplasmic b-catenin in the
absence of ligands, thereby leading to stabilization of the b-catenin
proteins, which in turn translocate into the nucleus and mediate
transcriptional activation of target genes by forming a complex
with the DNA-binding factor TCF/LEF [6,7]. In addition to its role
in adult hepatocytes, including liver zonation and hepatic carcino-
genesis, the relationship of Wnt/b-catenin signaling with fetal liver
stem/progenitor cells in particular have been extensively studied
to date and established critical roles of this signaling pathway in
controlling proliferation, differentiation, and self-renewal of these
cells (reviewed in [8], and references therein; [9]). Recently, activa-
tion and possible functional involvement of the Wnt/b-catenin
pathway in adult liver stem/progenitor cells have also been impli-
cated by two groups using rodent models of oval cell induction
[10,11]. However, detailed time course of its activation with refer-
ence to the kinetics of the stem/progenitor cell response was not
clariﬁed. Moreover, direct effect of the pathway activation on the
adult stem/progenitor cell biology has so far been tested using only
one particular cell line.
In this study, we also explored a possible involvement of Wnt/b-
catenin signaling in regulation of adult hepatic stem/progenitor
cells by employing a mouse oval cell induction model, where
administration of the hepatotoxin 3,5-dietoxycarbonyl-1,4-dihy-
dro-collidine (DDC) causes severe chronic liver injury and stimu-
lates emergence and massive proliferation of oval cells [12].lsevier B.V. All rights reserved.
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2.1. Antibodies and reagents
Polyclonal rabbit anti-CK19 antibody was raised as previously
described [13]. Polyclonal rabbit anti-b-catenin antibody and
monoclonal mouse anti-b-catenin antibody were obtained from
SIGMA and BD Transduction Laboratories, respectively. The GSK3b
inhibitor 6-bromoindirubin-30-oxime (BIO) [14] was kindly syn-
thesized and provided by Drs. Aya Tanatani and Yuichi Hashimoto
(IMCB, The University of Tokyo). The inactive analog 1-methyl-BIO
(MeBIO, or GSK-3 inhibitor XIV; Calbiochem) was used as a nega-
tive control.2.2. Mice and oval cell induction
C57BL/6 mice were purchased from CLEA Japan, Inc. (Tokyo, Ja-
pan) and maintained under a standard SPF condition. All animal
experiments were performed with procedures according to the
guideline set by the institutional animal care and use committee
of the University of Tokyo. Male mice of 8–12 week old were fed
0.1% DDC-containing diet (F-4643; bio serve) to induce hepatic
oval cell response, and then killed to harvest liver samples.2.3. RNA preparation and cDNA synthesis
Total RNA was prepared fromwhole liver samples homogenized
in TRIzol reagent (Invitrogen), treated with DNaseI (Invitrogen),
and then used for cDNA synthesis using SuperScript III (Invitrogen)
with random hexamer primers.Fig. 1. Expression of Fzd2 is upregulated in the livers of DDC diet-fed mice concomita
samples of normal diet-fed (N) and DDC diet-fed mice, reverse-transcribed, and subjecte
and EpCAM, and Gapdh. Note that the primer sets used to detect Fzd4, Ck19, EpCAM, an
comprises only of one exon, control RNA samples without reverse transcription (-RT) w
genomic DNA. (B) Inducible expression of Fzd2, Ck19, and EpCAM were analyzed by qua2.4. PCR analyses
Standard PCR reactions were performed with Blend Taq (TOY-
OBO), and the products were run in 1.5% agarose gels and visual-
ized with EtBr staining. Quantitative PCR analyses were done
using LightCycler (Roche) with SYBR Premix Ex Taq reagent (TaKa-
Ra). Gapdh was used as an internal control. The primers used are
summarized in Supplementary data.
2.5. Immunohistochemistry
The fresh liver samples were ﬁxed in Zamboni’s ﬁxative solu-
tion and embedded in OCT compound (Sakura Finetek Japan Co.
Ltd., Tokyo, Japan). The samples were frozen and sectioned onto
APS-coated glass slides (Matsunami Glass Ind. Ltd., Osaka, Japan).
After blocking in 5% skim milk/PBS, the samples were incubated
with primary antibodies and then with ﬂuorescence-conjugated
secondary antibodies. Nuclei were counterstained with Hoechst
33342 (Sigma).
2.6. Cell culture and proliferation assay
The hepatic stem/progenitor cell lines, HSCEs, as well as their
precedent bulk culture of the EpCAM+ cell-derived fraction, were
maintained in type I collagen-coated dishes using a medium sup-
plemented with 10 ng/ml each of recombinant human EGF and
HGF (see Supplementary data). The detail for their establishment
and characterization will be described elsewhere (Okabe et al.,
submitted).
Proliferative response of HSCE cells was examined by a colori-
metric assay using WST-1 cell proliferation reagent (Roche)ntly with the oval cell marker genes. (A) Total RNA was isolated from whole liver
d to PCR analyses to determine expression of Fzd2, Fzd4, the oval cell markers Ck19
d Gapdh were designed to ﬂank one or more intron(s). For the Fzd2 gene, which
ere also examined, conﬁrming no adverse ampliﬁcation caused by contaminated
ntitative PCR analyses. Expression was normalized to that of Gapdh.
Fig. 2. Inducible expression ofWnt7a,Wnt7b, andWnt10a in the livers of DDC diet-
fed mice. Expression of Wnt7a, Wnt7b, and Wnt10a during the course of oval cell
induction was analyzed by quantitative PCR analyses. Expression was normalized to
that of Gapdh.
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(OD450–OD650) was measured using an Emax microplate reader
(Molecular Devices).Fig. 3. b-catenin proteins are increased in oval cells. A–D. Liver sections prepared from
subjected to immunoﬂuorescent staining analyses using anti-CK19 (A and C) and anti-
33342 (Blue). E–J. Double staining experiments were performed to conﬁrm co-expression
Panels G and J shows the merged images, where nuclear staining by Hoechst 33342 is a
squared regions in panels E–G, respectively. PV, portal vein.2.7. Transfection and luciferase assay
HSCE5 cells were transfected with the TOPtkLuciferase or FOP-
tkLuciferase plasmid using Lipofectamine with Plus reagent (Invit-
rogen), and cultured in the presence or absence of the GSK3
inhibitor BIO for 48 h. The cells were lysed in Passive Lysis Buffer
(Promega) and subjected to a luciferase assay using a luminometer
(MICROLUMAT LB96P; Berthold) with Dual luciferase assay re-
agent (Promega).
3. Results and discussion
We recently performed a screening project that aimed to isolate
cell surface molecules expressed in oval cells, and identiﬁed Ep-
CAM as a novel marker for mouse oval cells (Okabe et al., submit-
ted). Notably, EpCAM was recently reported to be a marker for rat
oval cells [15]. In the same screening, we also noticed two Frizzled
(Fzd) family members, Fzd2 and Fzd4, as molecules expressed in
the oval cell-induced rat livers. To explore the possible involve-
ment of these Fzd molecules in oval cell biology, we examined
their expression in the mouse DDC diet model for oval cell induc-
tion. As shown in Fig. 1A, feeding with DDC diet resulted in oval
cell induction in mice, as manifested by strong upregulation of
the oval cell marker genes CK19 as well as EpCAM. Basal expression
of these genes in the normal liver derived from cholangiocytes,
which are known to express these markers as well. During the
course of oval cell induction, Fzd2 also was strongly upregulated.
Expression of Fzd4, although apparently observed in DDC diet-fed
samples, was not inducible but rather constant. Quantitative PCR
analyses further conﬁrmed that Fzd2, like CK19 and EpCAM, was
highly upregulated in oval cell-induced mouse livers (Fig. 1B–D).
The Frizzled family molecules including Fzd2 function as the
receptor component for the Wnt family ligands, which prompted
us to investigate possible induction of the Wnt genes in the oval
cell-induced livers. We compared expression of all the 19 members
of the mouse Wnt genes and found that several of them were sig-
niﬁcantly upregulated in the livers of DDC diet-fed mice (Fig. S1A).
Speciﬁcally, Wnt7a, Wnt7b, and Wnt10a showed strong upregula-
tion with more than 50-fold increase above the basal level in the
normal livers. We further examined the time course of expression
of thoseWnt genes and conﬁrmed that their induction kinetics was
well correlated with that of the oval cell appearance (Fig. 2; com-a normal control mouse (A and B) and a DDC diet-fed mouse (5 wk; C and D) were
b-catenin (B and D) antibodies (Green). Nuclei were counterstained with Hoechst
of CK19 (E and H) and b-catenin (F and I) in the livers of the oval cell-induced mice.
lso included (Blue). Panels H–J provide higher power images corresponding to the
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expression kinetics of Wnt3 and Wnt3a, two representative mem-
bers of the canonical Wnt ligands, and found that neither of them
was expressed during the course of oval cell induction up to
10 weeks.
It has been reported that Wnt7a, Wnt7b, and Wnt10a are all
capable of activating the canonical signaling pathway [16–19]. As
a well-established hallmark of the canonical Wnt signal activation
is stabilization and accumulation of b-catenin, we performed
immunostaining analyses of this molecule using liver sections
(Fig. 3). b-Catenin is a component of the cell adhesion complex in
every hepatocyte, so that staining of the normal liver samples de-
tected its basal level expression with a relatively uniform distribu-
tion pattern (Fig. 3B). In damaged livers, oval cells are known to
emerge from periportal regions, forming duct-like structures,
which was readily detectable based on expression of the marker
molecule CK19 (Fig. 3C). Remarkably, those propagating oval cells
were strongly positive for anti-b-catenin immunostaining (Fig. 3D).
Double staining experiments conﬁrmed that the intense b-catenin
signals indeed co-localized with CK19 expression in the same cells
(Fig. 3E–J). Although the signals appeared most intense at and adja-
cent to the cell membrane, weaker yet signiﬁcant signals were also
observed diffusively throughout the cytoplasm as well as in the nu-
cleus in some if not all cells. It should be noted that, in many cases,
cells that undergo Wnt signaling may display an overall rise in b-
catenin protein without a clear nuclear preference [6]. These re-
sults suggest that the induced expression of Wnt ligands leads to
concomitant activation of the canonical signaling pathway in oval
cells.
The canonical Wnt signaling stimulates transcriptional activa-
tion of various target genes. To further conﬁrm that the canonical
pathway is indeed turned on and functioning in oval cells, we as-Fig. 4. Pharmacological activation of Wnt/b-catenin signaling stimulates proliferation of
with TOPtkLuciferase (TOP; a reporter for canonical Wnt signaling activity) or FOPtkLucife
inhibitor BIO, and then subjected to a luciferase assay. Stimulation with EGF and HGF w
2.5  103 cells/well, and cultured in the presence or absence of BIO, its inactive analog M
After 48 hours of incubation, the level of cell proliferation was examined by WST-1 assay.
the bulk culture of the EpCAM+ cell fraction-derived cells before being subjected to clona
clone G5 harbors the retrovirally-transduced GFP marker gene.sessed induction of known target genes in the oval cell-induced liv-
ers. Using fractionated cell samples derived from the livers of DDC
diet-fed mice, we observed that several of the known targets,
including Axin2, N-myc, and Wisp1, were signiﬁcantly upregulated
predominantly in the EpCAM+ oval cell population (Fig. S2). More-
over, a recent study has reported that the oval cell marker EpCAM
is itself a direct transcriptional target of Wnt/b-catenin pathway
[20]. Together, these facts further support the notion that the
canonical pathway is functionally activated in oval cells.
To gain an insight into the role that activeWnt/b-catenin signal-
ing plays in oval cell regulation, we examined whether this could
affect proliferation of hepatic stem/progenitor cells in vitro. The
bi-potential adult hepatic stem/progenitor cell lines, referred to
as HSCEs, were originally established from the EpCAM+ oval cell
fraction in the livers of DDC diet-fed mice, and is capable of prolif-
erating in the presence of EGF and HGF (Okabe et al., submitted).
RT-PCR analyses revealed that a representative clone of HSCE
(clone 5; HSCE5) expresses several members of the Fzd family
receptors, as well as the co-receptors Lrp5/6 (Fig. S3), suggesting
that the cells could respond to Wnt stimulation per se. We em-
ployed a small compound GSK3b inhibitor, BIO, which has been
shown to be capable of mimicking activation of the canonical path-
way by suppressing GSK3b-mediated phosphorylation and con-
comitant degradation of b-catenin [14]. Stimulation with BIO
indeed led to activation of the canonical pathway in HSCE5, as
demonstrated by induction of the b-catenin/TCF-dependent TOP-
tkLuciferase reporter activity (Fig. 4A). We then tested the effect
of BIO on proliferation of HSCE5, and found that application of
the compound did induce signiﬁcant proliferative response of the
cells even in the absence of EGF and HGF, to a level nearly compa-
rable to the one induced by these cytokines (Fig. 4B). Application of
5 mM of BIO resulted in a less effect, due presumably to its cyto-the adult hepatic stem/progenitor cell lines HSCE. (A) HSCE5 cells were transfected
rase (FOP; an unresponsive control), cultured in the presence or absence of the GSK3
as used as a control. (B) HSCE5 cells were plated in a 96-well plate at a density of
eBIO, or the vehicle (DMSO). Stimulation with EGF and HGF was used as a control.
(C) Proliferative response of additional HSCE cell lines (clones 11 and G5), as well as
l isolation of HSCE cell lines, were examined by WST-1 assay as in (B). Note that the
T. Itoh et al. / FEBS Letters 583 (2009) 777–781 781toxicity at this dose. The inactive analog MeBIO was used as a neg-
ative control, showing no obvious effect. Finally, we tested the ef-
fect of the compounds on other independent clones of HSCE, as
well as on the bulk culture of the EpCAM+ cell fraction-derived cells
before being subjected to clonal isolation of HSCE cell lines. As
shown in Fig. 4C, all of them were capable of responding to stimu-
lation with BIO, resulting in signiﬁcant proliferative induction.
In addition to the b-catenin-dependent canonical signaling
pathway, some Wnt ligands can activate non-canonical signaling
pathways, such as the planar cell polarity/c-Jun N-terminal kinase
(JNK) pathway and the Ca2+-mediated pathway [21]. Notably, it has
been reported that Wnt7a and Wnt7b can activate the JNK path-
way in endometrial cancer cells and hippocampal neurons, respec-
tively [22,23], while Fzd2 has been shown to mediate activation of
non-canonical signaling pathways in certain types of cells [21,24–
26]. Although our results have clearly established activation of the
canonical pathway in vivo and its functional effect in vitro, a possi-
ble involvement of the non-canonical pathways in oval cell regula-
tion cannot be neglected and should also be addressed in future
studies.
In summary, our present study has identiﬁed several Wnt li-
gands and the downstream canonical signaling pathway as a pos-
sible regulatory signal for mouse oval cells, a well-recognized
facultative stem/progenitor cell population in the adult liver. Much
progress has been made in recent years in identifying and charac-
terizing various tissue stem cells as well as their specialized sur-
rounding microenvironments, or stem cell niches. The niches
play fundamental roles in controlling proliferation, differentiation,
and/or self-renewal of the stem cells through direct cell–cell inter-
actions and also via various soluble cytokines, such as Wnts,
Hedgehogs, and BMPs [27,28]. Although it still remains unknown
whether any niche structures are formed to support hepatic oval
cells, it is tempting to speculate that Wnt/b-catenin signaling
may play a role as a part of the niche signals in regulating their
development and behaviors.
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